ABSTRACT: Stable isotope analyses of 5 reef-associated fishes, Decapterus punctatus. Diplodus holbrooki, Rhornboplites aurorubens. Pagrus pagrus, and Haernulon aurolineatum, were conducted to determine the ability of stable isotope analysis to distinguish among the species and the trophic pathways that support them. Analyses of F13C, 6 1 5~, and 6 3 4~ from white swimming muscle yielded significant differences between species. Multiple stable isotope signatures of these 5 species indicated that at least 2 trophic pathways, one planktonic and one benthic, supported these reef-associated species. Variability of isotopic signatures within species was largely a result of collection site differences. 8l3C and 615N values inchcated that all fishes were feeding at similar trophic levels. P 4 S values proved to be useful supplements to carbon and nitrogen isotope values in separating species by signature.
INTRODUCTION
Total primary production on the continental shelf off North Carolina, USA, is supported by 3 sources: phytoplankton, benthic macroalgae, and benthic microalgae. Cahoon et al. (1990) found benthic microalgal biomass frequently equalled or exceeded integrated phytoplankton biomass across the shelf. Phytoplankton and benthic microalgal production are similar in Onslow Bay (Cahoon & Cooke 1992) . Benthic macroalgae are distributed across the shelf attached to hard substrates, rock outcrops (Schneider 1976 ) and artificial reef systems. All 3 sources of production support reef communities on the shelf.
Several species of reef-associated fishes are thought to be important links between these primary producers and top carnivores in the North Carolina continental shelf ecosystem. Gut content analyses of several reeffish species show that each kind of primary producer supports a distinct food chain that includes 1 or more common reef-associated fish species. Hales (1987) and Donaldson (1991) found holozooplankton to be the primary food item of Decapterus punctatus (round scad). D. punctatus often aggregates near hard bottom areas and feeds directly above reefs and over nearby sandy areas (Hales 1987 , Donaldson 1991 . Other fishes, such as Diplodus holbrooki (spottail pinfish), feed upon benthic macroalgae and associated invertebrates (Hay & Sutherland 1988 , Pike 1991 . Finally, demersal zooplankton feed on benthic microalgae (Tronzo 1989) . Demersal zooplankton are in turn a food item for fishes such as Haemulon aurolineatum (tomtate) (Bolden 1990 ). Reef-associated fishes such as Rhomboplites aurorubens (vermilion snapper) and Pagrus pagrus (red porgy) forage in the water column for nekton and for reef-associated benthic invertebrates, respectively (Manooch 1977 , Grimes 1979 .
Results of gut content analyses indicate feeding behavior and ultimately food sources, but they do not provide information about assimilation of food or necessarily identify the primary producers supporting each species. Stable isotope analyses provide a method for the determination of original sources of organic nutrients (Deniro & Epstein 1978 , Rau et al. 1983 , Fry 1984 because, unlike gut content analyses, they are related directly to assimilation.
Multiple stable isotope analyses were used to test the hypotheses that: (1) multiple stable isotope analyses distinguish among 5 reef-associated fish species: Decapterus punctatus, Pagrus pagrus, Rhomboplites a urorubens, Di~lodus holbrooki and Haem ulon auro- 
METHODS
Fishes were collected with hook and line, trawl, or microbarb spear. Some were also obtained from commercial fishermen. Fishes were collected from Onslow and Long Bays during 1990 and 1991. Study sites included 3 natural limestone reefs called the '5 mile site', the '23 mile site', and the '38 mile site ' (8, 37 , and 61 km offshore, respectively) and areas near the shelf edge. Fishes were immediately placed on ice after collection. Fishes were measured and filleted as soon as possible. Fillets and remaining parts were then frozen until prepared for isotopic analysis.
White swimming muscle was used for all analyses. Muscle turnover rates are longer than those of liver and blood (Tieszen et al. 1983, B. Fry pers. comm.) , and thus integrate diet over months. Muscle tissue was lyophilized and ground to a fine powder. This powder was used directly for carbon and nitrogen analyses. A portion of the dried flesh was used for sulfur analysis after removal of inorganic sulfates with a series of 3 deionized water rinses. Seventy-nine fishes were analyzed for carbon, nitrogen, and sulfur isotope composition. An additional 21 fishes were analyzed for carbon and nitrogen isotope composition. At least 2 replicates of every classification variable combination (species X size class X month X location) were completed. Individuals from each species from at least 2 locations, 2 size classes, and 2 seasons were analyzed as fish availability allowed. Haemulon aurolineatum was an exception; only 6 individuals collected on the same day at 1 location were isotopically analyzed (Table l ) .
SAS multiple analysis of variance (MANOVA) using the general linear model procedure (GLM) (SAS Institute Inc. 1989) was used to determine relationships between GXvalues and classification variables. p-values less than or equal to 0.05 for Wilks' Lambda were considered significant. Discriminant analysis was also used to determine accuracy of species classificaton using 3 isotopic ratios. Finally, a new variable was created using the first principal component calculated on the correlation matrix of all 3 isotopes. The new variable was used to assess the variability within species due to size, location, and month of collection using 3-way ANOVA (GLM), with p-values less than or equal to 0.05 considered significant. Tukey's Studentized Range Test was used to determine which means were significantly different.
RESULTS
improved to 60 to 93 % classification success by adding sulfur isotope data to the model (Table 4) . This inl-SI3C values for fishes analyzed ranged from -18.3 to provement was most dramatic in spottail pinfish -14.8Ym. Si5N values ranged from 9.1 to 12.2%0 for all (+ 19%) and red porgy (+34 %). Round scad was fishes. 634S values ranged from 14.9 to 18.7 L. Tomtate most frequently misclassified, while red porgy and had the lowest mean Si3C and 6I5N values, while vermilion snapper were both accurately classified 92 to spottail pinfish had the highest mean values for carbon 93 % of the time. When misclassified, fish were classiand nitrogen (Table 2) . Tomtate also had the lowest fied as round scad most frequently. No fish was ever mean 634S value, but vermilion snapper had the misclassified as tomtate. highest mean S3% value.
The 3-way ANOVA of the first principal component of The species variable was significantly related to isotopes (isotopic signature) showed a significant isotope values (MANOVA, Wilks' Lambda = 0.221, relationship with collection location in round scad, p I 0.0001). Discriminant analysis correctly classified vermilion snapper, and red porgy (Table 5 ). Isotopic fishes into species 50 to 89 % of the time using carbon signatures of round scad and red porgy from offshore in and nitrogen isotope values (Table 3 ). This was Long Bay were significantly different from round scad from the 23-mile ledge in Onslow Bay. the same axes, the segregation is not as apparent, but some grouping by species still occurs (Fig. 2) . These clumps tend to correspond to the Tukey groupings derived from the ANOVA of the first principal component of the 3 isotopes. Groupings were: (l) round scad, spottail pinfish, and vermilion snapper; (2) red porgy and tomtate; and (3) spottail pinfish and red porgy. Only fish within the same group were not 
DISCUSSION
This study indicates that stable isotopes can be used to distinguish between fishes supported by different trophic pathways. Isotopic signatures of the 5 species from the North Carolina continental shelf were similar to those of fish 
of similar feeding types from other locations. While similar, values for D e c a p t e r u s p u n c t a t u s and Rhombop l i t e s a u r o r u b e n s were outside ranges of 613C for other planktivores (Table 6) . These values were for fishes in more northern latitudes. S13C, 15N, and 34S values for all 5 species fall within ranges found for other fishes by Fry et al. (1982) and others. Sl5N values indicate that all 5 species are probably feeding within 1 trophic level (secondary consumers). Although carbon and nitrogen isotope values were able to separate the 5 species, the addition of sulfur values increased accuracy of separation. This was evident in the discriminant analysis. Accuracy of separation increased as much as 34 % after the addition of sulfur values. Fry & Sherr (1989) suggest that 634S should allow differentiation between benthic and pelagic feeders because benthic feeders will retain the lower 634S values of benthic primary producers. In fact, the 3 benthic feeders had significantly lower S34S values compared to the 2 pelagic feeders ( Table  2 ). Although carbon values were different for the species, sulfur was crucial in distinguishing between the pelagic and benthic food sources.
Sediment with attached microalgae from Onslow Bay had mean 613C values of -19.6%0 (n = 8) (L. B. Cahoon unpubl.). Particulate organic matter from offshore in the Gulf of Mexico had mean 613C values of -21.7 f 1.6%0 (n = 87) (Fry & Sherr 1989) . This environment is similar to the warm temperate environment off the coast of the Carolinas. Similar data are not available for offshore Onslow Bay. Fish carbon values are consistent with these trophic base numbers. Benthic feeders had 6I3C values that were slightly more enriched (less negative) than their pelagic counterparts.
Accordingly, isotope signatures grouped fishes into feeding types, as predicted from knowledge of feeding behavior and gut contents. Vermilion snapper and round scad both feed on pelagic food items. Hales (1987) and Donaldson (1991) reported a diet of holozooplankton for round scad. Grimes (1979) described vermilion snappers as foraging for pelagic prey. The signatures of these 2 species were not significantly different from each other, but did differ significantly from the isotopic signatures of tomtate and red porgy. Tomtate are known to feed upon demersal zooplankton (Bolden 1990) , whereas red porgy feed almost entirely on obligate benthic organisms and some demersal items (Manooch 1977) . The signatures of these demersal fishes were not significantly different from each other, but were different from those of round scad and vermilion snapper. The spottail pinfish was similar in isotopic signature Also, 6I3C values for the pinfish are enriched relative to to round scad, vermilion snapper, and red porgy.
those reported for other algivores (Table 6 ). In addition, Variability within spottail pinfish caused by size differspottail pinfish are not morphologically suited for digesences could explain the similarities between signation of plant material as they have a relatively short gut tures of the spottail pinfish and both the benthic feedlength (Pike 1991 ) that falls into Al-Hussaini's (1947) ers and water column foragers. Adult spottail pinfish crustacean-feeding carnivore group. eat macroalgae and invertebrates associated with hard No significant differences were found in the isobottoms, whereas younger spottail pinfish feed on topic signatures of fishes collected in different some planktonic items (Hay & Sutherland 1988 , Pike months. Fry & Wainright (1991 found that rapidly 1991). Small spottail pinfish do not differ significantly growing diatoms associated with spring and summer in isotopic signature from scad and snapper, and larger blooms on George's Bank were relatively enriched spottail pinfish have signatures similar to red porgy, with I3C. Either the strong seasonal variability Fry & reflecting a shift from planktonic food items to a diet of Wainright (1991) observed on George's Bank does benthic organisms. not occur off North Carolina, or seasonal differences The isotopic signature of the spottail pinfish would in planktonic 613C values were not reflected in white suggest that the fish are not relying on macroalgae as a swimming muscle of fish. Turnover times are long for major source of nutrition. 613C and 6 1 5~ values indicate swimming muscle; therefore, diet is integrated over that the spottail pinfish is feeding at a trophic level time. If seasonal variation in diatom signature is consimilar to the other fishes, none of which are herbivores. served in higher trophic levels in Onslow Bay, it is probably evident in organs with rapid turnover times, such as blood and liver. Manooch (1977) , Grimes (1979) , and Donaldson (1991) all found stomach contents of the respective fish to vary in different locations. These fishes are foragers feeding on any available food found in the habitat, rather than eating one item selectively. Differences in stomach contents from location to location are probably a result of food availability at each location. 
